The reactions of dialkyl f-butylperoxy phosphates (1) and alkyl £-butylperoxy alkylphosphonates (2) with cyclohexene in the presence of a catalytic R0X Since the discovery of ^-butylperoxy phosphates (1) [1] [2] [3] [4] [5] and phosphonates (2) [5], a series of investigations has been conducted on the chemistry of these peroxides . Unlike the peroxyesters of carbon, which readily undergo free radical reactions [30] the peroxyesters of phosphorus tend to decompose by an ionic path and in the past only an insignificant amount of products has been obtained derived from radical decomposition at elevated temperatures [7, 9, 11, 12, 16, 17, 22, [24] [25] [26] 29]. Despite several earlier attempts [31] to utilize the free radical decomposition path for synthetic purposes, only comparatively recently were we able to achieve such a reaction in the case of the thermal decomRequests for reprints should be sent to Prof. Dr.
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position of di-isopropyl £-butylperoxy phosphate (1, R = i-CaH?) in cyclohexene in the presence of a trace amount of copper(I) bromide [21] , to give cyclohex-l-en-3-yl di-isopropyl phosphate (3, R = i-CaHy) in 40% yield. Since then, we have found that this reaction is a generally applicable method for the preparation of various cyclohex-l-en-3-yl phosphates (3) in yields of IR0)2P(0)00C(CH3) 3 • Q » Q°P'0)(0R)2 + (CH 1 3 R = C2H5 . n-C3H7. i-C3H7, n-C^Hg 49 to 71% (Table I) , and cyclohex-l-en-3-yl phosphonates (4) in yields of 50 to 65% (Table II) . >O In order to verify the identity of the esters 3 and 4, attempts were made to prepare the compounds by classical methods, i.e., via the reaction of the corresponding phosphorochloridates and phosphonochloridates with 2-cyclohexen-l-ol in the presence of triethylamine, albeit without success. In view of the fact that imidazolides of phosphorus are extremely versatile phosphorylating agents [32] [33] [34] [35] , and markedly superior to chloridates for the preparation of phosphates [34, 35] , imidazolides 5 and 6 were prepared and reacted with 2-cyclohexen-l-ol (7) to give phosphates (3) and phosphonates (4) in the low
yields of 17 to 28% (Tables VI and VII, respectively) .
Surprisingly, no analogous reaction could be achieved with the imidazolide (5, R -?-C3H7), presumably due to steric hindrance of the two bulky isopropyl groups. All physical data, such as, infrared and NMR spectra, refractive indices, and boiling points of products 3 and 4 prepared via the transphorylation reaction using imidazolides were identical to those of the corresponding phosphates (3) and phosphonates (4) prepared by the copper ion catalyzed reaction of peroxyesters I and 2 with cyclohexene.
The reaction of I and 2 with cycloalkenes is catalyzed by copper ions since, in the absence of the catalyst, no phosphate (3) or phosphonate (4) is detected. Other metal ions, such as, iron(II) chloride, cobalt(II) bromide, and manganese(II) chloride are ineffective. The reaction proceeds rapidly at 80 °C. However, unlike the copper ion catalyzed reaction of peroxyester of carbon [36] [37] [38] , the reaction of peroxy phosphates (1) and phosphonates (2) proceeds also at room temperature, although at a much slower rate. Thus, at 25-30 °C in 52 h only a 38% yield of 3 (R = ?-C3H7) is obtained, whereas the reaction is complete within minutes at 80 °C. We have made an attempt to extend the copper ion octene. However, only in the case of cj^cloheptene catalyzed reaction of 1 and 2 to other cycloalkenes, could the well-defined product 8 (n = 3) be isolated such as, cyclopentene, cycloheptene, and cyclofrom the reaction of 1 (R = 2-C3HT) in 71% yield. In the case of cyclopentene and cyclooctene, the intermediate phosphate 8 (n -1, 4) proved to be thermally unstable and rapidly decomposed during the preparation and/or isolation procedure to give the corresponding 1,3-cyclopentadiene and 1,3-cyclooctadiene in 92% and 38% yields, respectively. The cyclohex-l-en-3-yl phosphates (3) and phosphonates (4) are also readily decomposed to give 1,3-cyclohexadiene, although at higher temperatures. Thus, after 20-30 min at 110-120 °C in the absence of a solvent, the phosphates (3) the corresponding acids 9 and 10 in 51-86% yields (Tables III and IV) . It is of interest to note that the analogous thermal decomposition of an allylic carbon ester, such as, cyclohex-l-en-3-yl benzoate (11) , in the absence of a solvent gave no 1,3-cyclohexadiene, even after four hours at 130-135 °C, and 83% of unreacted benzoate 11 was recovered. Similarly, no decomposition occurred when the reaction was attempted in the presence of benzoic acid, while in the presence of di-isopropyl phosphoric acid, which is a stronger acid than benzoic acid, the thermal decompositions of 11 gave a 12% yield of 1,3-cyclohexadiene, and 84% of benzoate 11 was recovered.
no reaction ^j0CI0)C6H5
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In view of the fact that the thermal decomposition of esters is favored by an acidic leaving group [39, 40] , it is not surprising that the decomposition of phosphorylated derivatives 3 and 4 (pK of acids 9 and 10^1.3-1.8) [41] proceeds much more readily to give 1,3-cyclohexadiene than the decomposition of benzoate 11 (pKa of benzoic acid -4.2) [42] , Since, at the present time it is still difficult to obtain large amounts of the phosphates (3) and phosphonates (4), the thermal decompositions were performed on a small (.0025-.0050 mol) scale, and no attempts were made to test the feasibility of this method on a large scale. As a consequence, the results should be considered only as preliminary findings. Nevertheless, it appears that the procedure has a very good potential to be developped into a general method of choice for the preparation of conjugated dienes, since currently available methods for this purpose require either harsher conditions or unusual procedures [40, [43] [44] [45] .
In order to test the hypothesis that the copper 
64
catalyzed reaction of peroxy phosphates 1 and phosphonates 2 with cycloalkenes proceeds in part via a radical mechanism, in analogy to the reaction of peroxyesters of carbon [36, 37, 46, 47], the phosphorylation reaction was performed in the presence of known free radical inhibitors. Thus, it was found that typical free radical "scavengers," such as, 2.6,-di-J-butyl-a(3,5-di4-butyl-4-oxo-2,5-cyclohexadiene-1 -ylidene)-p-tolyloxy (galvinoxy 1, 12), 4-hydroxy-2,2,6,6-tetramethylpiperidine-l-oxyl (13), and 2,2-diphenyl-l-picryl hydrazyl (DPPH. 14) significantly retarded the reaction (Table V) .
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The reaction produces also an almost quantitative yield of £-butyl alcohol. On the basis of these results, one can assume that the thermal copper ion catalyzed reaction of dialkyl f-butylperoxy phosphates (1) and alkyl £-butylperoxy alkylphosphonates (2) proceeds by a mechanism analogous to that proposed for the copper ion catalyzed reaction of carbon peresters [36, 37, 46, 47] which involves ionic and radical species. 
Materials
All cycloalkenes were distilled from sodium. The benzene used as solvent was distilled from and stored over sodium. Nitrogen was dried by passing through a tube filled with calcium chloride. Aluminum oxide (activity 4, according to Brockmann, 100-200 mesh) was obtained from Mallinckrodt, Inc. Cyclopentadiene was prepared by the pyrolysis of dicyclopentadiene at 160 °C [49] . All other reagents were of the best grade commercially available. Peroxy phosphates (1) and peroxy phosphonates (2) were prepared by the method of Sosnovsky and Zaret [20] .
Analytical procedures
A Varian Aerograph 1700 thermal conductivity gas Chromatograph equipped with a 20% Carbowax 20M on Chromosorb P (20 ft by 3/8 in) column was used for all G.L.C. procedures. The following conditions were maintained for the specific substrate involved. Identification of products was made by peak enhancement ("spiking") with authentic samples. Quantitative gas chromatographic analyses were performed by the "absolute calibration" method [50] . Peak areas were determined by planimetry. Infrared spectra were obtained on a Perkin-Elmer Infracord Spectrophotometer, Model 137. NMR spectra were obtained on a Varian T-60 spectrometer using TMS as the internal standard. Molecular weight analyses were performed isopiesticalty in benzene on a Hitachi Perkin-Elmer Model 115 Molecular Weight Apparatus. Microanalyses were performed on a F&M Scientific Corporation Carbon, Hydrogen, Nitrogen Analyzer, Model 185. All melting points and boiling points are uncorrected. Distillations of phosphonates (4) and phosphates (3) were repeatedly performed until a constant refractive index was obtained. The progress of the phosphorylation reactions were followed by titrations using a modified procedure of Silbert and Swern [51]: glacial acetic acid (15 ml) containing a trace of anhydrous iron(III) chloride was purged with dry nitrogen for 5-10 min. An excess amount of granular sodium iodide was then added, followed by 0.10 ml of the solution to be tested. The mixture was stoppered and set aside for 5 min. After this time. 50 ml of distilled water and 5 ml of starch indicator was added to the flask. The mixture was titrated to a colorless endpoint with 0.1 N sodium thiosulfate.
Bridge

Reaction of dialkyl t-butylperoxy phosphates (1) with cyclohexene in the presence of copper (I) bromide at 80 °C
General procedure A: A flask equipped with a gas inlet, magnetic stirring bar, reflux condensor, and thermometer was purged with nitrogen for 5 min, before cyclohexene (4.1 g, 0.050 mol), copper(I) bromide (0.1 g), and benzene (50 ml) were added.
Nitrogen was passed through this mixture for an additional 5 min, and dialkyl £-butylperoxy phosphate (1) (0.010 mol) was then added dropwise at 25-30 °C over a period of a few minutes. The reaction mixture was heated to 80 °C (reflux) with stirring under a slight flow of nitrogen for 15 min. The reaction mixture was then allowed to cool to room temperature under nitrogen, and the solvent and excess cyclohexene were removed on a rotating evaporator at 25-30 °C/12 torr. Benzene (30-40 ml) was added to the concentrate and the resulting solution was passed through a 2.5 x 2.5 cm packing of aluminum oxide. The aluminum oxide was washed with benzene (10-15 ml) and the combined eluates concentrated on a rotating evaporator at 25-30 °C/ 12 torr. The remaining liquid was distilled with a Kugelrohr apparatus to give the cyclohex-l-en-3-yl dialkyl phosphates (3) shown in Table I . (2) with cyclohexene in the presence of copper (1) bromide at 80 °C As described in the general procedure A, alkyl /-butylperoxy alkylphosphonates (2) (0.010 mol) were reacted with cyclohexene (4.1 g, 0.050 mol) in benzene (50 ml) in the presence of copper(I) bromide (0.1 g) to give the cyclohex-l-en-3-yl alkyl alkylphosphonates (4) shown in Table II .
Reaction of alkyl t-butylperoxy alkylphosphonates
Reaction of di-isopropyl t-butylperoxy phosphate (\, R -i-CsHi) with cyclohexene in the absence of copper (I) bromide at 80 °C
As described in the general procedure A, diisopropyl i-butylperoxy phosphate (1, R = i-CaH7; 2.54 g/0.010 mol) was reacted at 80 °C for 49 h with a solution of cyclohexene (4.1 g, 0.050 mol) in benzene (50 ml). The solvent and excess cyclohexene were removed by distillation below 20 °C/ 0.1 torr and collected in a trap cooled with a dryice/acetone mixture. Analysis by G.L.C. showed no cyclohexadiene to be present in the distillate. The remaining liquid was distilled using a short path distillation head at 65-68 °C/0.1 torr to give di-isopropyl £-butylperoxy phosphate (1, R = i-C3H7; 1.3 g, 51% recovery), rig 1.4156, lit, [10] b.p. 64-67 °C/0.1 torr, rig 1.4148.
Reaction of isopropyl t-butylperoxy methylphosphonate (2, R -i-C?Mi, R 1 = CH3) with cyclohexene in the absence of copper(I) bromide at 80 °C
As described in the general procedure A, isopropyl £-butylperoxy methylphosphonate (2, R = i-C3H7, R 1 = CH3; 1.05 g, 0.0050 mol) was reacted at 80 °C for 48 li with a solution of cyclohexene (4.1 g. 0.050 mol) in benzene (50 ml). The solvent and excess cyclohexene were removed on a rotating evaporator at 25-30 °C/12 torr, and the remaining liquid was distilled to dryness using a Kugelrohr apparatus at 60-65 °C/0.2 torr to give isopropyl f-butylperoxy methylphosphonate (2, R = t-C3H7, R^CHa; 0.98 g, 93% recovery), wf? 1.4220, lit. [14] b.p. 65-66 °C/0.15 torr, n 2 £ 1.4224.
Reaction of di-isopropyl t-butylperoxy phosphate (\, R = i-CsHi) with cyclohexene in the presence of iron chloride at 80 °C
As described in the general procedure A, diisopropyl £-butylperoxy phosphate (1, R = i-C3H7; 2.54 g/0.010 mol) was reacted at 80 °C for 29 h with a solution of cyclohexene (4.1 g, 0.050 mol) in benzene (50 ml) in the presence of iron(II) chloride (0.1 g). The solvent and excess cyclohexene were removed on a rotating evaporator at 25-30 °C/ 12 torr, and the remaining liquid was distilled using a short path distillation head at 63-66 °C/0.05 torr to give di-isopropyl f-butylperoxy phosphate (1, R = i-C3H7; 1.82 g, 72% recovery), ri% 1.4160, lit.
[10] b.p. 64-67 °C/0.1 torr, rig 1.4148.
Reaction of di-isopropyl t-butylperoxy phosphate (1, R = i-CzHi) with cyclohexene in the presence of cobalt (II) bromide at 80 °C
As described in the general procedure A, diisopropyl f-butylperoxy phosphate (1, R = i-C3H7; 2.54 g, 0.010 mol) was reacted at 80 °C for 51/2 h with a solution of cyclohexene (4.1 g, 0.0050 mol) in benzene (50 ml) in the presence of cobalt(II) bromide (0.1 g). The solvent and excess cyclohexene were removed on a rotating evaporator at 25-30 °C/ 12 torr, and the remaining liquid was distilled using a Kugelrohr apparatus at 57-62 °C/0.05 torr to give di-isopropyl f-butylperoxy phosphate (1, R = I-C3H7; 1.81 g, 71% recovery), 1 .4160, lit.
[10] b.p. 64-67 °C/0.1 torr, ri% 1.4148.
Reaction of di-isopropyl t-butylperoxy phosphate (1, R = i-CzH?) with cyclohexene in the presence of manganese(II) chloride at 80 °C
As described in the general procedure A, diisopropyl £-butylperoxy phosphate (1, R = i-C3H7; 2.54 g, 0.010 mol) was reacted at 80 °C for 6 h with a solution of cyclohexene (4.1 g, 0.050 mol) in benzene (50 ml) in the presence of manganese(II) chloride (0.1 g). The solvent and excess cyclohexene were removed on a rotating evaporator at 25-30 °C/ 12 torr, and the remaining liquid was distilled using a Kugelrohr apparatus at 62-65 °C/0.1 torr to give di-isopropyl £-butylperoxy phosphate (1, R = i-C3H7; 1.74 g, 68% recovery), 1.4158, lit.
[10] b.p. 64-67 °C/0.1 torr, ri® 1.4148.
Reaction of di-isopropyl t-butylperoxy phosphate (I. R = i-CzH-i) with cyclohexene in the presence of copper(I) bromide at 25-30 °C
As described in the general procedure A, diisopropyl £-butylperoxy phosphate (1, R = i-C3H7; 2.54 g, 0.010 mol) was reacted at 25-30 °C for 52 h with a solution of cyclohexene (4.1 g, 0.050 mol) in benzene (50 ml) in the presence of copper(I) bromide (0.1 g). The solvent and excess cyclohexene were removed on a rotating evaporator at 25-30 °C/ 12 torr, and the remaining liquid was distilled using a short path distillation head to give di-isopropyl £-butylperoxy phosphate (1, R = I-C3H7; 0.80 g, 32% recovery), b.p. 66-68 °C/0.05 torr, n^ 1.4154, lit. [10] b.p. 64-67 °C/0.1 torr, 1 .4148, and cyclohexl-en-3-yl di-isopropyl phosphate ( 
Analysis for C10H19O3P
Calcd C 55.04 H 8.78, Found C 55.37 H 9.03.
Reaction of di-isopropyl t-butylperoxy phosphate (I, R = i-CzHi) with cyclopentene in the presence of copper (I) bromide at 80 °C
As described in the general procedure A, di-isopropyl i-butylperoxy phosphate (1, R = i-C3H7; 2.54 g, 0.010 mol) was reacted at 80 °C for 30 min with a solution of cyclopentene (3.4 g, 0.050 mol) in benzene (50 ml) in the presence of copper(I) bromide (0.1 g). The solvent and low boiling materials were removed by distillation below 20 °C/0.1 torr through a short unpacked column and collected in several traps cooled with a dry ice/acetone baths. The remaining liquid (1.8 g) was identified as di-isopropyl phosphoric acid (9, R = i-C3H7) on the basis of its infrared spectrum (i'max (P)OH~2600 cm-1 , 2250 cm-1 ; fmax POH ~ 1700 cm-1 ). The collected low boiling materials were analyzed by G.L.C. and found to consist of benzene, £-butanol, cyclopentene, and cyclopentadiene. Quantitative gas chromatographic analysis of this mixture [50] indicated a 92% yield of cyclopentadiene and a 98% yield of f-butanol.
Reaction of di-isopropyl t-butylperoxy phosphate (\, R = i-CzHi) with cycloheptene in the presence of copper(I) bromide at 80 °C
As described in the general procedure A, diisopropyl £-butylperoxy phosphate (1, R = i-C3H7; 2.54 g, 0,010 mol) was reacted at 80 °C for 10 min with a solution of cycloheptene (4.8 g, 0.050 mol) in benzene (50 ml) in the presence of copper(I) bromide (0.1 g). The solvent and excess cycloheptene were removed on a rotating evaporator at 25-30 °C/12 torr, and the remaining liquid was distilled using a Kugelrohr apparatus at 92-96 °C/ 0.01 torr to give cyclohept-l-en-3-yl di-isopropyl phosphate (8, n = 3; 2.0 g, 71%), L4445. 
Analysis for C13H25O4P
Reaction of di-isopropyl t-butylperoxy phosphate (1, R = i-CzHi) with cyclooctene in the presence of copper(I) bromide at 80 °C
As described in the general procedure A, diisopropyl ^-butylperoxy phosphate (1, R = i-C3H7; 2.54 g, 0.010 mol) was reacted at 80 °C for 15 min with a solution of cyclooctene (5.5 g, 0.050 mol) in benzene (50 ml) in the presence of copper(I) bromide (0.1 g). The solvent and other low boiling materials were removed by distillation below 20 °C/0.10 torr through a short unpacked column and collected in several traps cooled with dry ice/acetone baths. Gas chromatographic analysis of the distillate showed no 1,3-cyclooctadiene to be present. The remaining liquid (1.4 g) was believed to be crude cyclooct-l-en-3-yl di-isopropyl phosphate (8, n -4) on the basis of its infrared and NMR spectra. The crude phosphate was heated with stirring to 110-115 °C for 10 min in a flask (10 ml) fitted with a reflux condensor. During the heating, the liquid darkened and thickened. The flask was allowed to cool to room temperature. A fraction boiling below 20 °C/0.1 torr (0.90 g) was removed through a short path distillation head, and collected in a receiver cooled with a dry ice/acetone bath. Quantitative G. L. C. analysis indicated that 46% of the distillate consisted of 1,3-cyclooctadiene (overall yield of 38%), and the remainder composed of cyclooctene, benzene, and £-butanol. The remaining liquid obtained after the distillation was identified as di-isopropyl phosphoric acid (9, R = i-C3H7) on the basis of its infrared spectrum (vmax (P)OH~2600cm-1 , 2260 cm" 1 ; *>max POH~1700 cm -1 ).
Reaction of di-isopropyl t-butylperoxy phosphates (\, R -i-C^H1) with cyclohexene in the presence of copper(I) bromide and the radical inhibitors 12, 13. and 14
As described in the general procedure A, diisopropyl f-butylperoxy phosphate (1, R = 2-C3H7) was reacted at 80 °C for 15-90 min with cyclohexene (50 ml) in the presence of copper(I) bromide (0.1 g) and inhibitor (10 mol percent) 12, 13, or 14 (see Table V ). After the workup as described in the general procedure A, followed by distillation using a short path distillation head there was obtained unreacted di-isopropyl £-butylperoxy phosphate (1, R = I-C3H7; b.p. 65-68 °C/0.05 torr), and cyclohex-1-en-3-yl di-isopropyl phosphate (3, R = i-C3H7; b.p. 93-96 °C/0.05 torr) in the yields shown in Table V .
Preparation of 2-cyclohexen-l-ol (7) [52-54]
Hydrolysis of 3-bromocyclohexene: A mixture of 3-bromocyclohexene (33.2 g, 0.20 mol), sodium hydrogen carbonate (16.8 g, 0.20 mol) and water (100 ml) was stirred at room temperature for 24 h. The reaction mixture was then extracted with ether (4 x 75 ml), the ethereal extracts dried with anhydrous sulfate, filtered, and the filtrate concentrated on a rotating evaporator at 25-30 °C/12 torr. The remaining oil was distilled to give 2-cyclohexen-lol (7) 
Attempted reaction of diethyl phosphorochloridate with 2-cyclohexen-l-ol (7) in the presence of triethylamine
To a solution of diethyl phosphorochloridate (1.72 g, 0.010 mol) in benzene (40 ml) was added dropwise at room temperature a solution of 2-cyclohexen-l-ol (7; 0.98 g, 0.010 mol) in triethylamine-(1.01 g, 0.010 mol) and benzene (30 ml). The reaction mixture was stirred at room temperature for 12 days and then concentrated on a rotating evaporator at 25 °C/12 torr. The remaining liquid was distilled through a short path distillation head at 38-40 °C/0.1 torr to give diethyl phosphorochloridate (1.5 g, 90% recovery, nf* 1.4145; lit. [10] General procedure B: To a suspension of imidazole (3.26 g, 0.048 mol) in triethylamine (4.84 g, 0.048 mol) and benzene (40 ml) was added at 5-10 °C a solution of the dialkyl phosphorochloridate (0.048 mol) in benzene (40 ml). The mixture was stirred at 25-30 °C for 2 days and then filtered. The filtrate was concentrated on a rotating evaporator at 25-30 °C/12 torr to give the crude dialkyl imidazole-1-phosphonate (5) (83-97%). Attempted distillation of phosphonates (5) resulted in extensive decomposition. Therefore, the crude phosphonate (5) (0.010 mol) was combined with nitromethane (30 ml) and added in one portion to a solution of 2-cyclohexenl-ol (7, 1.96 g, 0.020 mol) in nitromethane (30 ml). The reaction mixture was stirred at room temperature for 5 days, then concentrated on a rotating evaporator at 25-30 °C/12 torr. Benzene (30 ml) was added to the concentrate, and the solution washed with water (3 X 15 ml). The organic layer was dried over anhydrous sodium sulfate, and concentrated on a rotating evaporator at 25-30 °C/ 12 torr. Distillation using a short path distillation head gave unreacted 2-cyclohexen-l-ol (7) cyclohex-l-en-3-yl dialkyl phosphate (3) contaminated with a small amount of imidazole and/or the imidazole phosphonate. Benzene (0.5 ml) was added to the crude phosphate (3) and the solution eluted through a 1.5 X 8-10 cm packing of aluminum oxide using 10-15 ml benzene. The eluate was concentrated on a rotating evaporator at 25 °C/12 torr, and the remaining liquid distilled using a Kugelrohr apparatus to give pure cyclohex-l-en-3-yl dialkyl phosphates (3) shown in Table VI .
Reaction of alkyl imidazole-1-alkylphosphinates (6) with 2-cyclohexen-l-ol (7) To a suspension of imidazole (1.70 g, 0.025 mol) in triethylamine (2.53 g, 0.025 mol) and benzene (30 ml) was added at 5-10 °C a solution of the alkyl alkylphosphorochloridate (0.025 mol) in benzene (30"ml). The mixture was stirred at 25-30 °C for 2 days and then filtered. The filtrate was concentrated on a rotating evaporator at 25-30 °C/12 torr to give the crude alkyl imidazole-1-alkylphosphinate (6) (51-98%). The crude phosphinate (6) (0.010 mol) was combined with nitromethane (30 ml) and reacted with 2-cyclohexen-l-ol (7); 1.96 g, 0.020 mol) in nitromethane (30 ml) as described in the general procedure B to give the cyclohex-l-en-3-yl alkyl alkylphosphonates (4) shown in Table VII .
Reaction of di-isojpropyl imidazole-1-phosphonate (5, R = i-CzHi) with 2-cyclohexen-l-ol (7)
The crude di-isopropyl imidazole-1-phosphonate (5, R = i-C3H7) was prepared as described in the general procedure B. The phosphonate (5, R = 1-C3H7; 1.16 g, 0.0050 mol) was combined with nitromethane (30 ml) and added to a solution of 2-cyclohexen-l-ol (7; 1.98 g, 0,010 mol) in nitromethane (30 ml). The reaction mixture was stirred at room temperature for 7 days, then concentrated on a rotating evaporator at 25-30 °C/12 torr. Benzene (30 ml) was added to the concentrate, and the solution was washed with water (3 X 15 ml). The organic layer was dried over anhydrous sodium sulfate, and concentrated on a rotating evaporator at 25-30 °C/12 torr. Distillation using a short path distillation head gave only unreacted di-isopropyl imidazole-1-phosphonate (5, R = i-C3H7; 0. 8 
Thermal decomposition of cyclohex-l-en-3-yl dialkyl phosphates (3) and cyclohex-l-en-3-yl alkyl alkylphosphonates (4). Preparation of 1,3-cyclohexadiene
General procedure C: Cvclohex-l-en-3-yl dialkyl phosphate (3) (0.0050 mol), or cyclohex-l-en-3-yl alkyl alkylphosphonates (4) (0.0025 mol) were heated to 110-115 °C in a flask equipped with a reflux condensor and a magnetic stirring bar. After 20-25 min of heating, a noticeable reaction ensued, as evidenced by the darkening and boiling of the mixture. Heating was continued for another 5 min, and the reaction mixture was then allowed to cool to room temperature. Distillation of the reaction mixture below 20 °C/0.1 torr using a 15 cm unpacked column gave a fraction which was collected in a trap cooled with a dry ice/acetone bath. The fraction was identified by G. L. C. and refractive index as the 1,3-cyclohexadiene (71-88%). Further distillation of the remaining liquid at 0.1 torr gave the dialkyl phosphoric acids (9) , or the alkyl alkylphosphonic acids (10) listed in Tables III and IV, respectively.
Thermal decomposition of cyclohex-l-en-3-yl benzoate (11)
As described in the general procedure C, cyclohex-l-en-3-yl benzoate [36-38] (11; 2.02 g, 0,010 mol) was heated to 130-135 °C for 4 h. Attempted distillation of the reaction mixture below 20 °C/0.1 torr gave no 1,3-cyclohexadiene. Further distillation at 88-92 °C/0.05 torr gave cyclohex-l-en-3-yl benzoate (11; 1.68 g, 83% recovery), rig 1.5352, lit.
[37] b.p. 100-105 °C/0.25 torr, iig 1.5383.
Thermal decomposition of cyclohex-l-en-3-yl benzoate (11) in the presence of benzoic acid
As described in the general procedure C, a mixture of cyclohex-l-en-3-yl benzoate [36-38] (11; 2.02 g, 0,010 mol) and benzoic acid (0.12 g, 0. 
